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Neuroglobin (Ngb) is a globin found in the vertebrate brain. Recently, we found that zebraﬁsh Ngb
can translocate into cells and clariﬁed that module M1 of zebraﬁsh Ngb is important for protein
transduction. In the present study, we used site-directed mutagenesis to identify residues of module
M1 that are important for protein transduction. We show that Lys7, Lys9, Lys21, and Lys23 of zebra-
ﬁsh Ngb are crucial for its activity. Since these residues are conserved among ﬁshes, but not among
mammals, birds, or amphibians, the ability to penetrate cell membranes may be a unique character-
istic of ﬁsh Ngb proteins.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Neuroglobin (Ngb) is a vertebrate globin found in the brain
that has a high afﬁnity for oxygen [1]. Mammalian Ngb was re-
ported to protect neurons from hypoxic–ischemic insults [2,3].
We previously found that human Ngb binds exclusively to the
GDP-bound form of the a-subunit of heterotrimeric G protein
(Gai) and acts as a guanine nucleotide dissociation inhibitor
(GDI) by inhibiting the rate of exchange of GDP for GTP on
Gai [4–6]. Recently, we demonstrated that the GDI activity of
human Ngb is tightly correlated with its neuroprotective activity
[7].
Although Ngb was originally identiﬁed in mammalian species,
it is also present in non-mammalian vertebrates, including the
zebraﬁsh [8,9]. Mammalian and ﬁsh Ngb proteins share about
50% amino acid sequence identity. We showed that zebraﬁsh
Ngb does not exhibit GDI activity [10] and cannot rescue cell
death [7,11]. Moreover, by using ﬂuorescein isothiocyanate
(FITC)-labeled Ngb proteins, we recently found that zebraﬁsh
but not human Ngb can translocate into cells [11]. Zebraﬁshchemical Societies. Published by E
leotide dissociation inhibitor;
nces, Graduate School of Arts
Meguro-ku, Tokyo 153-8902,
akasugi).Ngb is the ﬁrst discovered native cell-membrane-penetrating glo-
bin [11].
The genes of human and zebraﬁsh Ngb are made up of four
exons interrupted by three introns, and exons 1, 2, 3, and 4 en-
code compact protein structural ‘modules’, termed M1, M2, M3,
and M4, respectively [8–10,12]. We showed that a chimeric ZHHH
Ngb, in which module M1 of human Ngb is replaced by that of
zebraﬁsh, acts as a GDI for Gai in a manner similar to human
Ngb [10]. Moreover, we demonstrated that the chimeric ZHHH
Ngb penetrates cell membranes and rescues cell death caused
by hypoxia/reoxygenation [11]. This ﬁnding suggested that mod-
ule M1 of zebraﬁsh Ngb is essential for protein transduction into
cells, because both the zebraﬁsh and chimeric ZHHH Ngb proteins
share this module.
It has been reported that BETA2/NeuroD and HIV-1 TAT pro-
teins permeate cells owing to the presence of arginine (Arg)-
and lysine (Lys)-rich protein transduction domains [13–15].
The sequence of zebraﬁsh Ngb module M1 shares several con-
served Arg and Lys residues with other ﬁsh Ngb proteins [11].
In the present study, we ﬁrst evaluated the concentration- and
time-dependence of zebraﬁsh Ngb protein transduction. We next
performed site-directed mutagenesis of Arg and Lys residues
within the M1 module to investigate whether the positively
charged residues of zebraﬁsh Ngb are crucial for protein
transduction.lsevier B.V. All rights reserved.
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2.1. Preparation of proteins
A plasmid encoding zebraﬁsh Ngb was prepared as described
previously [10]. A QuikChange™ site-directed mutagenesis
system (Stratagene, La Jolla, CA) was used to introduce substitu-
tions at speciﬁc sites. The constructs were conﬁrmed by DNA
sequencing (FASMAC Co. Ltd., DNA sequencing services, Atsugi,
Japan). Overexpression of each Ngb was induced in Escherichia coli
strain BL 21 (DE 3) following treatment with isopropyl b-D-thio-
galactopyranoside, and each Ngb protein was puriﬁed by DEAE
sepharose and Sephacryl S-200 HR columns, as described in
[7,11]. Ngb proteins were next applied to a HiTrap Q HP column
(GE Healthcare Bio-Sciences, Piscataway, NJ), eluted with a
0–500 mM linear NaCl gradient in buffer A (20 mM Tris–HCl, pH
8.0). Endotoxin was removed by using Triton X-114, as described
in [7,11]. The Ngb concentration was determined spectrophoto-
metrically using an extinction coefﬁcient of 122 mM1 cm1 at
the Soret peak.
2.2. FITC labeling of Ngb proteins
Each FITC-labeled Ngb was prepared, as described in [11]. The
concentrations of Ngb protein and FITC dye in the puriﬁed FITC-la-
beled Ngb were calculated based on their absorbance at the Soret
peak and 494 nm, respectively. The molar ratio of dye to protein
in the puriﬁed FITC-labeled Ngb was determined to be 0.9–1.3 FITC
dye molecules per Ngb protein.Fig. 1. Transduction of FITC-labeled wild-type zebraﬁsh Ngb protein into HeLa cells. (A) P
protein was applied to HeLa cells in the presence of FM4-64 (red), a ﬂuorescent marker o
Incubation-time dependence. 1 lM of FITC-labeled Ngb protein was applied to HeLa cell
normoxic conditions.2.3. Protein transduction observed by ﬂuorescence microscopy
HeLa cells were maintained, as described in [11], and were
seeded at 2  104 cells/ml in 35 mm glass-bottomed dishes (Mats-
unamiGlass, Osaka, Japan).When cellswere 60–70% conﬂuent, each
FITC-labeled Ngbwas added to cells that had beenwashed inDMEM
without serum, in the presence of 1 lM FM4-64 (Molecular Probes,
Eugene, OR), a general ﬂuorescent marker of endocytosis. Fresh
DMEM without serum was added and the cells were incubated at
37 C for 1 h; FBS was then added to a ﬁnal concentration of 2%.
The cells were then incubated under normoxia at 37 C for the indi-
cated time. HeLa cells were washed with cold phosphate-buffered
saline twice, and the living, unﬁxed cells were directly observed
by ﬂuorescence microscopy (Olympus IX71, Tokyo, Japan).
2.4. UV–visible spectra
Electronic absorption spectra of puriﬁed proteins were recorded
with a UV–visible spectrophotometer (UV-2450; Shimadzu, Kyoto,
Japan) at ambient temperature (20 C). The samples were mea-
sured at a concentration of 1 lM on the basis of heme content.
Spectra were recorded in 50 mM sodium phosphate buffer (pH 7.4).
2.5. Circular dichroism (CD) spectra
CD spectra in the far UV region were measured with a spectro-
polarimeter (J-805; JASCO, Tokyo, Japan) at 20 C. The samples
were measured at a concentration of 5 lM in 50 mM sodium phos-
phate buffer (pH 7.4). The path length of the cells used for therotein concentration dependence. 0.1, 0.5, 1, 5, or 10 lM of FITC-labeled (green) Ngb
f endocytosis. The cells were then incubated for 6 h under normoxic conditions. (B)
s in the presence of FM4-64. The cells were then incubated for 1, 3, 6, or 24 h under
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was determined on the mean residue basis. The a-helix content
(fH) was calculated according to Chen et al. [16] by the following
equation:
FH ¼ ð½H222 nm þ 2340Þ=30300:3. Results and discussion
3.1. Characterization of the time- and concentration-dependence of
zebraﬁsh wild-type Ngb protein transduction
We previously showed that a FITC-labeled, wild-type zebraﬁsh
Ngb could translocate into cells [11]. Here we evaluated the effects
of protein concentration and incubation time on this phenomenon.
We ﬁrst evaluated the transduction efﬁciency of 0.1, 0.5, 1, 5, or
10 lM wild-type Ngb following a 6 h incubation. Fig. 1A shows
that the transduction efﬁciency in HeLa cells is dependent uponFig. 2. Cell membrane-penetrating activities of zebraﬁsh Ngb mutants. (A) A list of the ze
Ngb are highlighted in red. Numbers on the left and right of the sequences correspond to
(B) Images of FITC-labeled wild-type and mutant zebraﬁsh Ngb in HeLa cells following
presence of FM4-64. (C) Images of FITC-labeled wild-type and mutant Ngb in HeLa cells
Images of FITC-labeled zebraﬁsh Ngb double mutants in HeLa cells following a 24 h incubconcentration and that a concentration greater than 1 lM is neces-
sary for detection of protein transduction. Moreover, we observed
that an incubation time of 6 h or greater for 1 lM Ngb was appro-
priate for efﬁcient detection of transduction, as shown in Fig. 1B.
Therefore, we conducted the following experiments using 1 lM
Ngb incubated with cells for 6 or 24 h. Previously, it was reported
that Ngb proteins were fused to the basic Arg-rich protein trans-
duction domain of the HIV TAT protein, which possesses the ability
to transverse biological membranes efﬁciently [17–19]. The TAT-
fused Ngb proteins entered cells within 2 h [18,19]. These data sug-
gest that the speed of zebraﬁsh Ngb protein transduction is signif-
icantly slower than those of TAT-fused proteins.
3.2. Identiﬁcation of residues critical for zebraﬁsh Ngb protein
transduction
We previously clariﬁed that module M1 of zebraﬁsh Ngb plays
an important role in protein transduction [11]. Here we usedbraﬁsh Ngb mutants prepared in this study. Arg (R) and Lys (K) residues of zebraﬁsh
the amino acid positions at the beginning and the end of the sequences, respectively.
a 6 h incubation. 1 lM of each FITC-labeled Ngb was applied to HeLa cells in the
following a 24 h incubation. 1 lM of each FITC-labeled Ngb was applied to cells. (D)
ation. 1 lM of each FITC-labeled zebraﬁsh Ngb double mutant was applied to cells.
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that are pivotal for the transduction process. We individually re-
placed each Lys or Arg residue in module M1 with a neutral residue
(Ala or Gln), as shown in Fig. 2A. The mutants were ﬂuorescently
labeled to assess their transduction efﬁciency in living cells relative
to the wild-type Ngb. As shown in Fig. 2B, the single K3A and R13A
substitutions had little effect on transduction efﬁciency compared
to wild-type Ngb. In contrast, the single K7A, K9Q, K21Q, and K23Q
mutants were unable to translocate into HeLa cells following a 6 h
incubation (Fig. 2B). However, Fig. 2C shows that these single mu-
tants can translocate through the cell membrane following a 24 h
incubation. We next prepared the K7A/K9Q and K21Q/K23Q dou-
ble mutants and evaluated their transduction efﬁciency. As shown
in Fig. 2D, both double mutants were unable to translocate even
following a 24 h incubation. Taken together, the results suggest0
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Fig. 3. Structural analysis of the zebraﬁsh Ngb K7A/K9Q and K21Q/K23Q double
mutants. (A) Electronic absorption spectra of the wild-type (solid line), K7A/K9Q
(dotted line), and K21Q/K23Q double mutants (dotted-broken line). (B) Circular
dichroism (CD) spectra in the far UV region of the wild-type (solid line), K7A/K9Q
(dotted line), and K21Q/K23Q double mutants (dotted-broken line).
Table 1
Structural comparison among the zebraﬁsh wild-type Ngb and its mutants.
Wild-type K7A K
Electronic absorption spectra
Soret (nm) 412 413 41
Visible (nm) 538 539 53
ASoret/A280 nm 2.95 2.83 2.
CD spectra
[H]222 nm  (104) deg cm2 dmol1 2.32 2.41 
a-Helical content (%) 68.8 71.8 74that Lys7, Lys9, Lys21, and Lys23 within module M1 play impor-
tant roles in zebraﬁsh Ngb protein transduction.
3.3. Structural analyses of zebraﬁsh Ngb mutants
We next evaluated the structures of the Ngb mutants that
exhibited reduced transduction efﬁciency in order to determine
whether these mutations induced structural changes within the
Ngb protein.
We ﬁrst evaluated the effects of the mutations on the electronic
state of the heme by measuring the absorption spectra of the pro-
teins. As shown in Fig. 3A and Table 1, the UV–visible spectra of the
ferric form of the Ngb mutants were nearly identical to that of the
wild-type protein, suggesting that these substitutions did not per-
turb the electronic state of the heme. Moreover, the absorption ra-
tio of the Soret peak and at 280 nm suggested that the zebraﬁsh
Ngb mutants bind heme just as tightly as the wild-type protein
(Table 1).
Next, to examine the effects of the substitutions on secondary
structure, we measured the far UV CD spectra of the ferric forms
of the proteins. As shown in Fig. 3B, the wild-type Ngb exhibited
two broad negative peaks at approximately 222 and 208 nm,
which are characteristic of an a-helical structure. These negative
peaks were also observed in the double mutant proteins
(Fig. 3B). The a-helical content of the mutants was estimated to
be approximately 70%, which is similar to that of the wild-type
Ngb (Table 1). These results show that the secondary structure of
the single or double Ngb mutants was not affected by the amino
acid substitutions.
Moreover, we further conﬁrmed that the UV–visible and CD
spectra of the double mutants did not change even following a
24 h incubation at 37 C (data not shown), suggesting that their
structures are just as stable as that of the wild-type Ngb. These re-
sults strongly support our conclusion that Lys7, Lys9, Lys21, and
Lys23 residues are critical for the transduction activity of zebraﬁsh
Ngb.
3.4. Cell membrane-penetrating capability speciﬁc for ﬁsh Ngb
proteins
In the present study, we identiﬁed four Lys residues, Lys7, Lys 9,
Lys21, and Lys23, in module M1 of zebraﬁsh Ngb that are essential
for protein transduction into cells. As shown in Fig. 4A, these key
residues are conserved only among ﬁshes, but not among mam-
mals, birds, and amphibians. Therefore, the ability to penetrate cell
membranes may be unique to ﬁsh Ngb proteins. The X-ray crystal
structures of human and mouse Ngb proteins suggest that these
critical four Lys residues of the zebraﬁsh Ngb are exposed to sol-
vent and are localized on the same face of the tertiary structure,
as shown in Fig. 4B. The module M1 of zebraﬁsh Ngb does not have
any signiﬁcant structural similarities to other cell-penetrating pro-
teins [20].
The results obtained with the K3A and R13A mutants suggest
that the number of positively charged (Arg or Lys) residues alone9Q K21Q K23Q K7A/K9Q K21Q/K23Q
2 412 411 412 412
5 537 534 534 534
94 2.90 3.19 3.03 2.94
2.49 2.45 2.46 2.40 2.40
.5 73.1 73.5 71.5 71.5
Fig. 4. Structural positions of Lys residues critical for the cell-membrane-penetrating activity of zebraﬁsh Ngb. (A) Sequence alignment among the M1 modules of the
mammalian, bird, amphibian, and ﬁsh Ngb proteins. Multiple sequence alignment was performed using Clustal W with manual adjustments. The positions of the a-helices (A
and B) of mouse Ngb (Protein Data Bank code: 1Q1F) are shown. Arg (R) and Lys (K) residues critical for transduction of zebraﬁsh Ngb into cells are highlighted in red. R and K
residues of zebraﬁsh Ngb that are not required for its cell-membrane-penetrating activity are indicated in blue. Other R and K residues are marked in yellow. Numbers on the
left and right of the sequences correspond to the amino acid positions at the beginning and the end of the sequences, respectively. Gaps in the sequences are indicated by
dashes. (B) Locations of Lys residues critical for protein transduction in zebraﬁsh Ngb based on the tertiary structure of mouse Ngb. Since the sequence alignment showed that
amino acids K7, K9, K21, and K23 of zebraﬁsh Ngb correspond to P4, S6, R18, and P20 in mouse Ngb, respectively, the residues 4, 6, 18, and 20 of the mouse Ngb (Protein Data
Bank code: 1Q1F) are represented by red space-ﬁlling balls, and residues K7, K9, K21, and K23 are directly indicated.
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raﬁsh Ngb and that instead the relative tertiary structural position
of the positively charged residues is critical for zebraﬁsh Ngb pro-
tein transduction. It has been reported that negatively-charged cell
surface membrane-associated proteoglycans are required for inter-
nalization of BETA2/neuroD protein or TAT peptide [21,22]. Further
research is in progress to identify negatively-charged cell surface
molecules that can interact with the Lys residues of zebraﬁsh
Ngb for protein transduction.Acknowledgments
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